The nitrogenase complex in the heterocysts of the filamentous freshwater cyanobacterium 28
Introduction
gene cluster is essential for proper hgl layer deposition and growth of Anabaena sp. without 80 combined nitrogen source (22, 23), but the functions of the protein HgdA (All5345) remain 81 unknown. 82
Epimerases form a large group of enzymes that can be found in bacteria, animals and 83 plants (24). They take part in important metabolic processes, for example, UDP-galactose 4-84 epimerase participates in the Leloir pathway, in which it converts UDP-galactose to UDP-85 glucose (25) (26) (27) . Epimerases mainly constitute dimers, however other oligomeric states can also 86 be found; the structures of some of these proteins have been resolved (28) (29) (30) (31) . In the present 87 study, we investigated the role of the putative epimerase HgdA in Anabaena sp. during 88 diazotrophic growth. 89 90
Results

91
The hgdA gene product is homologous to NDP-sugar epimerases 92
The hgdA gene is the third gene in the previously described cluster involved in heterocyst 93 formation, all5347/all5346/all5345 (hgdB/hgdC/hgdA) [ Fig. 1A; (22, 23) ]. It encodes a protein 94 of 333 amino acids with a predicted molecular mass of 36.7 kDa. According to the results of a 95 search using the NCBI BLAST tool, HgdA is a putative nucleoside-diphosphate-sugar epimerase 96 belonging to the NAD-dependent epimerase/dehydratase superfamily and to the short-chain 97 dehydrogenases/reductases (SDR) superfamily. An additional in silico search for homologs of 98 HgdA using the PaperBLAST tool, which searches for homologs of a given protein in published 99 articles (32), revealed SDRs and epimerases similar to HgdA (Fig. S1 ). However, according to 100 the phylogenetic tree built by the web service Phylogeny.fr (33, 34), based on multiple sequence 101 alignments of selected HgdA homologs found by PaperBLAST, HgdA is more closely related to 102 epimerases ( Fig. 1B) . 103 104
HgdA protein localizes specifically to heterocysts 105
To study the function of HgdA, we used semi-quantitative RT-PCR to follow the 106 expression of the hgdA gene at different time points after transfer of a culture grown on NH 4 + to 107 medium without a combined nitrogen source (nitrogen stepdown) to induce heterocyst 108 differentiation ( Fig. 2A) . The hgdA transcript levels were significantly higher at later stages of heterocysts were already visible by light microscopy. The up-regulation of hgdA was notably 111 later than the previously reported up-regulation of devB (18), and the expression pattern of hgdA 112 was almost identical to that of hgdB (23). 113
Since hgdA was only expressed under nitrogen starvation, we investigated the 114 localization of the HgdA protein in diazotrophically grown filaments using a fusion protein 115 consisting of HgdA linked at the C-terminus with sfGFP. The fusion protein localized solely to 116 mature heterocysts. GFP fluorescence was equally distributed within the heterocyst and 117 sometimes formed small foci ( Fig. 2B ). This observation is in line with the prediction that HgdA 118 is an epimerase, which is a soluble enzyme. 119
In Western blot analysis, a protein cross-reacting with the HgdA-specific antibody was 120 only visible in the sample obtained from the soluble heterocyst fraction, but not in the vegetative 121 cell fraction ( Fig. 2C ) or in membrane fractions (not shown). The PII protein, used as a control, 122 was detected in both samples, but was much more abundant in the vegetative cell fraction ( The hgdA gene is essential for diazotrophic growth 127
To investigate the function of the hgdA gene in more detail, we created a mutant of this 128 gene in Anabaena sp. by inserting an antibiotic resistance gene via homologous recombination 129 ( Fig. 1A, S2A ). The mutant, SR695, was completely segregated (Fig. S2B ). In medium with a 130 combined nitrogen source, mutant SR695 did not differ from the wild-type in cell and filament 131 6 tetrazolium chloride (TTC) (38) and observed the dark crystals of reduced TTC only in wild-type 142 heterocysts ( Fig. 3B ). Lack of dark TTC crystals in mutant heterocysts indicated that their inner 143 environment was oxic. 144
Mutants with defects in heterocyst envelope layers only have nitrogenase activity when 145 incubated under anoxic conditions (39). We assayed nitrogenase activity under oxic and anoxic 146 conditions based on the measurement of acetylene reduction (40). The mutant SR695 had 147 nitrogenase activity only under anoxic conditions, whereas the wild-type had nitrogenase activity 148 under both oxic and anoxic conditions ( Fig. 3C ). Hence, the mutant heterocysts did not provide 149 the microoxic conditions required for nitrogenase activity. 150
We analyzed the heterocyst envelope in more detail. We were able to detect both cell 151 layers of the mutant heterocysts with standard labeling methods and light microscopy (41, 42), 152 and the heterocysts appeared normal at this resolution ( Fig. 3D ). However, wild-type and mutant 153 heterocysts differed in ultrathin sections analyzed by transmission electron microscopy (TEM). 154
The mutant heterocysts lacked the laminated hgl layer, and the heterocyst-vegetative cell 155 connections at the polar neck regions were thinner ( Fig. 3D ). These observations are comparable 156 with those of the hgdA mutant FQ1647 (22). We did not find any structural differences in the hep 157 layer or in the ultrastructure of vegetative cells between wild-type and mutant SR695. 158
We analyzed the glycolipid composition of mutant and wild-type hgl layers using thin-159 layer chromatography (TLC) of methanol extracts of both strains after nitrogen stepdown. We 160 analyzed the content at two temperatures (20 and 28 °C) because the ratio of the major HGL 161 forms can vary at different temperatures (43, 44). Both wild-type and mutant extracts contained 162 the major HGLs, HGL 26 keto-ol and HGL 26 diol (45) at both temperatures ( Fig. 4 ). However, the 163 diol:keto-ol ratio of wild-type and mutant SR695 differed. At 28 °C, the diol:keto-ol ratio of 164 wild-type heterocysts was higher than that of the mutant (Fig. 4) . At 20 °C, the wild-type 165 contained more of the keto-ol form than at 28 °C. Nevertheless, the wild-type was still different 166 from the mutant, which did not show a temperature dependent ratio change ( Fig. 4 ). As 167 previously reported, a mutant in the upstream gene hgdB shows a similar phenotype at 28 °C 168 (23). We also found that at 20 °C, differences in growth between wild-type and mutant SR695 169 were not as prominent as at 28 °C ( Fig. 4 , lower panels). 170
171
The protein HgdA is soluble and forms dimers in vitro
For the biochemical characterization of the HgdA protein, we overexpressed the gene in 173
Escherichia coli and purified the protein by affinity chromatography, followed by size-exclusion 174 chromatography. The major peak of HgdA in the size-exclusion chromatography elution profile 175 corresponded to the dimeric form; additional peak shoulders, probably representing monomeric 176 and other oligomeric forms of HgdA, were also present ( Fig. 5A) . 177
On SDS-polyacrylamide gels, the band of purified HgdA consisted of the monomeric 178 form. However, when purified HgdA was incubated with the amino-reactive cross-linker suberic 179 acid bis(3-sulfo-N-hydroxysuccinimide ester) (BS 3 ), which forms covalent bonds between 180 interacting proteins, also dimeric and other oligomeric forms were detected, and the band 181 representing the monomeric form was less intense than the band in the sample without 182 crosslinker ( Fig. 5B ). 183
We modeled the structure of HgdA using the Swiss model online tool (46) based on its 184 closest homolog with a solved structure, namely the UDP-GalNAc 4-epimerase WbgU. The 185 modeling revealed that HgdA probably forms dimers ( Fig. 5C ), in agreement with the results of 186 size-exclusion chromatography and crosslinking experiments. 187 188
HgdA fulfills a UDP-galactose 4-epimerase function in vitro 189
Based on the sequence similarity of HgdA to UDP-galactose 4-epimerase, we tested 190 whether HgdA converts UDP-galactose to UDP-glucose (47). The enzyme catalyzed the 191 conversion at a rate of approximately 30-40 nmol min −1 nmol HgdA −1 depending on the protein 192 concentration. UDP-glucose production by HgdA increased when higher concentrations of the 193 enzyme were used; the activity was considerably lower when tested at 99°C (Table 1, Fig. S3 ). 194 UDP-galactose 4-epimerases use NAD as a cofactor, which is constantly bound in the conserved 195 cofactor-binding glycine-rich site in the Rossmann fold (24, 27, 48, 49). However, we were 196 unable to extract or detect NAD from the enzyme using standard protocols (50). In place of the 197 conserved NAD-binding motif GXXGXXG, the HgdA sequence has a GIDEFIG motif, with the 198 second glycine replaced by glutamate ( Fig. S1 ). An NCBI BLAST search showed that such a 199 motif is also found in HgdA homologs in several other cyanobacteria. One of the main events in heterocyst maturation is the formation of the heterocyst-203 specific envelope. A variety of enzymes participate in this process, including those that are 204 responsible for the synthesis and transport of the envelope components (16, 18, 22, 23, 51-53).In 205 this study, we investigated the function of the putative epimerase HgdA (Fig. 1 ) in heterocyst 206 formation. Our results partially confirmed previous findings (22, 23), and in addition described 207 the enzymatic activity of HgdA. 208
Transcripts of hgdA were found only when the heterocysts were almost completely 209 mature (24-48 h after nitrogen stepdown; Fig. 2A ). These time points were markedly later than 210 activation of the devB gene, which encodes the membrane fusion component of the efflux pump 211 transporting HGLs (16, 18). However, the expression patterns of the hgdB and hgdC genes (23) 212 are similar to that of hgdA, which indicates that products of the hgdBCA gene cluster are formed 213 at the same time even if they probably do not comprise an operon (22) and that the proteins 214 might work together. The localization of HgdA in the cytoplasm of mature heterocysts ( Fig. 2B , 215 C) confirms its specific importance for these differentiated cells and demonstrates that HgdA is a 216 soluble protein, as expected from the in silico analysis of its sequence. 217
Our mutant SR695, like the transposon-insertion mutant of this gene (22) showed a Fox − 218 phenotype, i.e., the inability to grow diazotrophically under oxic conditions. Since nitrogenase 219 activity was detectable under anoxic conditions, this mutant shows a phenotype, which is 220 specific for mutants with an impaired heterocyst envelope ( Fig. 3A-C) . 221
Although the hgl layer was present in the mutant SR695 ( Fig. 3D ), its defect allowed 222 oxygen to enter the heterocyst. The main difference between the mutant and wild-type was in the 223 HGL composition ( Fig. 4) . Specifically, the aberrant ratio of the two major HGLs in the mutant, 224 with an excess of HGL 26 diol, seemed to be critical for hgl layer formation and heterocyst 225 function at 28 °C. The same aberrant HGL ratio, which causes a Fox − phenotype, in an hgdB 226 mutant has been found (23); this finding along with the results of our expression studies might 227 indicate that products of the hgdB, hgdC, and hgdA genes work cooperatively. Most UDP-228 galactose 4-epimerases form dimers or other oligomers (24), but they can also function in a 229 monomeric state (54). Our size-exclusion chromatography, crosslinking, and modeling results 230 indicated that the main active states of HgdA are probably dimers ( Fig. 5 ). range, with some epimerases having activities several times less and others hundreds of times 234 more than that of HgdA (55-59). Since we were unable to detect or extract NAD from the 235 purified active HgdA protein, we assume that the altered NAD-binding sequence, with glutamate 236 replacing glycine, captures more tightly NAD. 237
Based on our results, we propose a function of HgdA in the HGL synthesis ( Fig. 6) . 238
HgdA converts UDP-galactose derived from thylakoid degradation, which takes place during 239 heterocyst differentiation, to UDP-glucose. According to our model, some UDP-galactose in the 240 heterocyst is used for the production of the keto-ol form by a specific glycosyltransferase (#1), 241 and some is utilized by HgdA to produce UDP-glucose. The produced UDP-glucose is then 242 bound to the HGL 26 diol aglycon by the other specific glycosyltransferase (#2). The Anabaena 243 sp. genome carries a number of genes encoding glycosyltransferases, including several (all5341, 244 all5342, all5343) close to the hgdA gene (22, 60). 245
In the hgdA mutant, insufficient amounts of the substrate UDP-galactose are present for 246 sufficient HGL 26 diol production, and in addition, residual UDP-galactose is utilized to 247 synthesize other HGL keto-ols, which leads to the altered HGL diol:keto-ol ratio observed. 248
However, other HGL diol biosynthetic pathways independent of HgdA must be present because 249 mutant SR695 heterocysts contain a small amount of the HGL diol ( Fig. 4) , which nevertheless 250 does not support heterocyst function. The similarity of the phenotypes of the hgdA mutant and 251 hgdB mutant (23) suggest that HgdA and HgdBC closely cooperate, but further investigation is 252 required. 253 Altered HGL diol:keto-ol ratios have been described in other situations. For instance, 254 during growth at higher temperatures, cyanobacteria produce higher amounts of HGL diols (43, 255 44), which might protect heterocysts from gas penetration under these conditions. When HGL 256 keto-ols are prevalent and the amount of HGL diols is lower, the heterocyst cell envelope might 257 lose its gas tightness at higher temperatures; at lower temperatures, when amounts of the keto-ol 258 form increase, the envelope retains its gas tightness. 259
The deposition of the HGLs in the wild-type and in the hgdA or hgdB mutant (22, 23) 260 differ ( Fig. 7) . The wild-type forms a normal hgl layer around the entire heterocyst using two 261 exporter systems, namely DevBCA-HgdD (18) mostly at the polar neck regions and HgdBC-262 HgdD (23) at the lateral sides. In the hgdB mutant, the hgl layer is replaced by an amorphous 263 layer at the lateral sides because the HgdBC transporter is lacking, and the hgl layer is thicker at 264 the polar regions because of excess substrate for DevBCA-HgdD (HGLs that are not transported 265 by HgdBC-HgdD but are still synthesized). In the hgdA mutant, both transporters are present, but 266 because HGL production is deficient, the hgl layer is much thinner than in the wild-type. 267
In conclusion, our results indicate that the epimerase HgdA takes part in the synthesis of 268 the HGL diol form, thereby controlling the HGL keto-ol:diol ratio, and probably works at the 
Materials and Methods
278
Organisms and growth conditions. Anabaena sp. PCC 7120 wild-type and its derivative 279 mutant strains were cultivated in liquid BG11 medium (64) in 100 mL Erlenmeyer flasks under 280 continuous illumination (17-22 μmol photons m −2 s −1 ) at 28 °C with shaking at 120 rpm. For 281 RNA isolation, cells were cultivated in 700 mL of nitrate-free BG11 medium (BG11 0 ) 282 supplemented with 2.5 mM NH 4 Cl as nitrogen source and 5 mM TES buffer (pH 7.8) in one-liter 283 bottles continuously supplied with CO 2 -enriched air (2%). Mutant strains were cultivated in 284 BG11 medium supplemented with spectinomycin and streptomycin (2.5 µg mL −1 each). 285
For the nitrogen stepdown experiments, cells were washed three times in BG11 0 medium 286 and cultivated afterwards in BG11 0 . 287
All cloning and plasmid maintenance occurred in E. coli strains Top10, NEB10, Lemo21 288 (DE3), and HB101. For triparental mating, E. coli strain J53 (bearing the conjugative plasmid 289 RP4), strain HB101 (bearing the helper plasmid pRL528 and the cargo plasmid pRL277 with a 290 fragment of the gene of interest), and wild-type Anabaena sp. were used (65-67) (Tables S1). 291
The hgdA gene for protein synthesis was overexpressed in E. coli Lemo21 (DE3) ( Table  292 S1). 293 DNA manipulations. To construct an insertion mutant of hgdA by homologous 294 recombination, an internal fragment of the gene was amplified by PCR (see Table S2 for 295 primers) with 1 µL of the wild-type Anabaena sp. culture as template and cloned into the XhoI-296 restricted suicide vector pRL277 (Table S1) using Gibson assembly (68) (Fig. S2A ). The 297 resulting plasmid pIM695 was transferred into wild-type Anabaena sp. cells by triparental 298 mating, followed by selection on streptomycin-and spectinomycin-containing BG11 agar plates. 299
In the antibiotic-resistant Anabaena sp. colonies, where a single recombination event between 300 the hgdA gene in the genome and its internal fragment in the pIM695 vector had occurred, the 301 hgdA gene was disrupted by the pRL277 vector ( Fig. 1A, S2A ). Full segregation of one selected 302 mutant (SR695) colony was confirmed by PCR ( Fig. S2B ) with a small piece of the mutant 303 colony as template. 304
To localize HgdA in Anabaena sp. filaments, a plasmid with a translational fusion of the 305
HgdA C-terminus with the super-folder GFP (sfGFP) (69) was constructed following the method 306 described in (23). The 3′-end of hgdA and the entire sfGFP were amplified by PCR and cloned 307 into the XhoI-restricted suicide vector pRL277 using Gibson assembly. The resulting plasmid 308 pIM717 was transferred into wild-type Anabaena sp. cells using triparental mating, followed by 309 positive colony selection on streptomycin-and spectinomycin-containing BG11 agar plates. 310
Anabaena sp. colonies contained the hgdA gene fused with sfGFP (strain SR717). The fusion 311 was confirmed by PCR. 312
For complementation of the SR695 mutant, the hgdA gene under control of the glnA 313 promoter (37) was cloned into the EcoRI-restricted self-replicating plasmid pIM612, which bears 314 a neomycin-resistance cassette (36), using Gibson assembly. The resulting plasmid pIM774 was 315 transferred into mutant SR695 cells, and positive colonies were selected on BG11 agar plates 316 containing neomycin, streptomycin, and spectinomycin. The presence of the undisrupted hgdA 317 gene in the complemented mutant colonies was confirmed by PCR ( Fig. S2B) . 318
For overexpression of the hgdA gene in E. coli, hgdA, followed by sequences encoding a 319
Strep-tag and His-tag at the 3′-terminus was cloned into plasmid pET15b (Novagen, Merck) 320 digested with NcoI, with help of Gibson assembly to yield plasmid pIM753. 321 RNA isolation and RT-PCR. RNA was isolated at different time points after nitrogen and concentration of the extracted RNA were estimated by electrophoresis and GelQuantNET 325 software (biochemlabsolutions.com). Reverse transcription (RT) reactions were performed using 326 the Applied Biosystems RT-reaction kit. The primers used for all PCR reactions are listed in 327 Table S2 . Cells were stained with alcian blue following the protocol described in (42). Cell 344 suspensions were mixed with 1.5% alcian blue in water (at a ratio of 20:1) and incubated at room 345 temperature for 5 min. For triphenyl tetrazolium chloride (TTC) staining, cell suspensions were 346 mixed with TTC solution (0.01% TTC, w/v, in the final mixture) and incubated in the dark for 10 347 min at room temperature (38). Filaments stained with TTC or alcian blue were examined using a 348
Leica DM 2500 microscope connected to a Leica DFC420C camera. 349
Analysis of heterocyst-specific glycolipids. Glycolipids were analyzed by thin-layer 350 chromatography as described in (70) with minor modifications. In brief, wild-type and mutant 351 cells of equal chlorophyll a concentration [measured according to (71)] were pelleted and 352 resuspended in methanol-chloroform (1:1). The solvents were evaporated under air in a fume 353 hood. Lipids were dissolved in chloroform and applied to a silica-gel-coated aluminum plate composed of chloroform:methanol:acetic acid:water (23:4:2.7:1). Lipids were visualized by 356 spraying the plate with 25-50% sulfuric acid and exposing it to 180 °C for 60-120 s. 357
Nitrogenase activity. Nitrogenase activity was measured using the acetylene reduction 358 method for cyanobacteria (40) . Briefly, cultures were incubated in the presence of acetylene for 359 several hours in flasks closed with gas-tight caps. Anoxic conditions were generated before 360 incubation with acetylene by adding 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU, 10 µM, 361 in methanol); the sealed flasks were then filled with argon and incubated for 1 h. For oxic 362 conditions, this step was omitted. After incubation with acetylene, 1 mL of the gaseous phase 363 was taken from each flask, and the amount of ethylene produced was measured by gas 364 chromatography. 365
Preparation of Anabaena sp. vegetative and heterocyst cell lysates. Heterocysts were 366 isolated as previously described (72, 73). Briefly, after nitrogen stepdown and incubation for 3 367 days, cells were collected by centrifugation; the pellet was resuspended in 15 ml of ice-cold 8% 368 sucrose, 5% Triton X-100, 50 mM EDTA pH 8.0, 50 mM Tris pH 8.0, and 1 mg/ml of lysozyme. 369
The suspensions were mixed vigorously on a vortex shaker for 2-3 min at room temperature. 370
The solution was mildly sonicated with a Branson sonifier (3 × 3 min, 30% duty cycle, 3 output 371 control). Heterocysts were collected by centrifugation at 3000 × g for 5 min at 4 °C; the 372 supernatant was the vegetative cell lysate. Heterocysts were washed several times in 8% sucrose, 373 50 mM EDTA pH 8.0, 50 mM Tris pH 8.0. 374
To obtain the soluble (cytoplasmic) heterocyst fraction, the heterocyst pellet was 375 resuspended in 5 mM HEPES buffer (pH 8.0) containing 1 mM phenylmethylsulfonyl fluoride 376 (PMSF). The suspension was strongly sonicated (5 × 3 min, 50% duty cycle, 5 output control). 377
The cells were then passed through a French pressure cell (SLM instruments, Inc) at 1100 Psi 4-378 5 times. The suspension was centrifuged at 3000 × g for 30 min at 4 °C to separate undisrupted 379 heterocysts. Then the supernatant was centrifuged at 15,000 × g for 1 h at 4 °C. The supernatant 380 of this last centrifugation step contained the heterocyst cytoplasmic fraction; the pellet consisted 381 of insoluble debris and membranes. HgdA was more highly purified and its oligomeric state was estimated by size-exclusion 406 chromatography using an ÄKTA chromatography system and a Superdex 75 10/300 column in 407
Tris buffer (see above). To calculate the molecular masses of the proteins in the eluted peaks, a 408 mixture of standard proteins (Gel Filtration LMW Calibration Kit, GE Life Sciences) was run 409 through the column. The fractions corresponding to different peaks of HgdA purification were 410 pooled, concentrated, and analyzed by SDS-PAGE. The concentration of pure HgdA protein was 411 determined by the Bradford method using Roti-Quant solution (Carl Roth).
Epimerase activity assay.
To test the epimerase activity of HgdA, an established 417 colorimetric glucose oxidase-horseradish peroxidase (GOD-POD) coupled assay was used (47, 418 59, 76). In brief, 1 mM UDP-Gal dissolved in 20 mM Tris buffer containing 200 mM NaCl, pH 419 7.5 was incubated with different amounts of purified HgdA in a total reaction volume of 22 μL at 420 37 °C for 1 or 2h. Reactions were stopped and proteins were acid-hydrolyzed with 3.5 μL of 0.4 421 N HCl at 100 °C for 6 min. The mixture was neutralized with 3.5 μl of 0.4 N NaOH. Aliquots 422 (7.5 μL) were taken from each reaction mixture and applied to a 96-well plate. The GOD-POD 423 assay was used to detect released glucose according to the manufacturer's instructions (Sigma-424 Aldrich). The reaction was stopped and the color was developed by adding 100 μL of 6 N HCl 425 per well. Afterwards, the absorbance at 540 nm was read by a TECAN Spark 10M plate reader. 426 427 Acknowledgments 428 We thank Claudia Menzel for electron microscopy sample preparation, Thomas Härtner 429 for help with gas chromatography, Oliver Betz for access to the TEM, Ritu Garg for help with 430 size exclusion chromatography of standard proteins, and Karl Forchhammer for fruitful 431 discussions and valuable advice. We also thank Karen Brune for critically reading the manuscript 432 and improving the text linguistically. This work was supported by Deutsche 433
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